Pseudorotaxane complexes of squaraine dyes and tetralactam macrocycles are converted into permanently interlocked rotaxane structures using copper-catalyzed and copper-free cycloaddition reactions with bulky stopper groups. The photophysical properties of the encapsulated squaraine depend on the structure of the macrocycle. In one case, squaraine rotaxanes are produced in near-quantitative yields and with intense near-IR fluorescence. In another case, squaraine fluorescence is greatly diminished upon macrocyclic encapsulation but the signal can be restored by dye displacement with anions.
exhibit increased stability and decreased intermolecular quenching. 4 Furthermore, squaraine rotaxanes are well suited for structural conversion into molecular probes for bioimaging applications. 5 The first-generation squaraine rotaxanes were prepared in yields of 10-30% using a Leigh-type clipping method;
6 that is, a macrocyclization reaction that traps a squaraine template inside a tetralactam macrocycle. This synthetic strategy allows rapid production of prototype designs; however, the low yields limit the capacity to prepare more complex later generation structures. We have explored alternative methods of preparing squaraine rotaxanes, and we report here a series of related synthetic capping strategies. 7 In each case, a reversible pseudorotaxane complex is converted into a permanently interlocked rotaxane by covalent capping with bulky stopper groups (Scheme 2). In the best cases, squaraine rotaxanes are produced in >90% yield after column chromatography. We also find that different macrocycles alter squaraine photophysical properties in different ways; thus, the encapsulating macrocycle is a structural parameter that can be altered to control squaraine rotaxane function.
Capping strategies with phenylene-containing tetralactam macrocycles such as M1 are not effective because of very poor macrocycle solubility. 8 To circumvent this problem, we investigated other macrocycles that have a similar isophthalamide tetralactam motif but exhibit more favorable solubility in organic solvents. We initially examined the well-known M2, which is soluble in methylene chloride and has been extensively studied as a macrocyclic component in various interlocked molecules.
9,10 NMR titration experiments showed that M2 can encapsulate squaraine dye D1 with an association constant (4) (a) Fu, N.; Smith, B. D. Chem. Eur. J. 2006, 12, 4684-4690 (K a ) of 5 × 10 3 M -1 in methylene chloride at 25°C. 11 We then covalently capped the protruding alkyne ends of the pseudorotaxane complex by conducting a copper mediated alkyne azide cycloaddition reaction.
12 After some experimentation, we found that mixing macrocycle M2 with excess dye D1 and stopper S1 followed by treatment with Cu(Ph 3 P) 3 Br catalyst generated the "clicked rotaxane" M2⊃T1 with an isolated yield of 40%. The rotaxane structure was verified by standard spectroscopic methods including 1 H NMR (Figure 1) . The downfield changes in chemical shift for the macrocycle amide and aryl protons are indicative of deshielding by the encapsulated squaraine thread T1 and are consistent with previously observed changes in 1 H NMR spectra for squaraine rotaxanes. The yield of squaraine rotaxane was sufficient to allow photophysical measurements. A direct comparison of squaraine thread T1 and rotaxane M2⊃T1 revealed a modest red shift in both absorption (+10 nm) and fluorescence emission (+7 nm) and approximately a 3-fold decrease in fluorescence quantum yield. It is also noteworthy that addition of two trizaole rings did not significantly alter the quantum yield in thread T1 as compared to dye D1 (Table 1) . The macrocycle-induced quenching effect was verified by fluorescence titration experiments that added aliquots of M2 to a solution of squaraine D1 in methylene chloride. Addition of excess M2 lowers the emission intensity of D1 by about a factor of 4 (Figure 2 a vs b) . Additional evidence that the quenching is due to inclusion of D1 inside M2 was gained by conducting anion displacement experiments. 13 As shown in Figure 2 , treatment of the M2⊃D1 psuedorotaxane system with the tetrabutylammonium salts of chloride, acetate, or benzoate leads to displacement of squaraine D1 from the macrocyclic cavity and nearly complete restoration of its fluorescence intensity. These anions are known to bind strongly to the NH residues in M2 and form hydrogenbonded complexes (K a > 10 5 M -1 ). 14 Interestingly, tetrabutylammonium dihydrogenphosphate was less effective at squaraine displacement, suggesting that the M2 cavity does not readily accommodate this larger anion. The fluorescence quenching induced by M2 means that this system is unlikely to have utility as a bioimaging probe; however, the pseudorotaxane system M2⊃D1 is an effective and selective anion sensor with near-IR fluorescence.
15
Compared to M2, the anthrylene macrocycle M3 is a more promising building block for squaraine rotaxane fabrication and probe development. In a prior study, we showed that an admixture of M3 and D1 self-assembles quantitatively at millimolar concentration in chloroform solution (K a of 1.8 × 10 5 M -1 ) to produce an inclusion complex whose absorption and emission maxima are red-shifted by +40 nm. 16 We now report that "clicking" both ends of this pseudorotaxane with 2 molar equiv of stopper S2 produces the squaraine rotaxane M3⊃T2 in near-quantitative yield. The 1 H NMR spectra in Figure 3 exhibit the expected changes in chemical shift for a squaraine rotaxane, and the fluorescence spectra in Figure 4 demonstrate that it is a permanently interlocked structure. Pseudorotaxane M3⊃D1 partially dissociates at micromolar concentrations in chloroform and produces two emission peaks, one at 638 nm which corresponds to free squaraine D1 and one at 694 nm, corresponding to pseudorotaxane. In contrast, the squaraine rotaxane M3⊃T2 does not dissociate under these conditions or in more polar solvents such as pure methanol (see the Supporting Information).
One of our long-term research goals is to assemble highly stable squaraine rotaxane probes in complex biological environments such as the interior of cells. This requires the development of covalent capping methods that are biocompatible; that is, they do not use cytotoxic copper(I). One possible approach is to employ strain-promoted cycloadditions with cyclic alkynes that undergo uncatalyzed reactions at practically useful rates. 17 We were attracted to the related idea of a strained bicyclic alkene azide cycloaddition which produces five membered triazoline ring structures. 18 As a biocompatible method for capping pseudorotaxanes, the reaction is appealing because it is perfectly atom economical and does not require copper catalysis. As a proof of concept, we heated a mixture of bis-azide dye D2, macrocycle M3, and stopper S3 (1:1:2 molar ratio) in chloroform for 3 days and produced the squaraine rotaxane M3⊃T3 in nearquantitative yield (Scheme 3). The compound is stable enough for immediate characterization but slowly decomposes if left standing under laboratory lights.
19 Thus, the capping reaction is quite efficient but the product instability may possibly limit applications.
In summary, we report that squaraine rotaxanes with the anthrylene-containing macrocycle M3 can be prepared in high yield by capping the alkyne groups that protrude from pseudorotaxane precursors using either copper catalyzed azide-alkyne cycloaddition or uncatalyzed azide-alkene cycloaddition reactions. The resulting squaraine rotaxanes exhibit intense near-IR absorption/emission maxima, and it should be possible to develop them into molecular probes for many types of photonic and bioimaging applications. In contrast, squaraine fluorescence intensity is greatly diminished when the dye is encapsulated by macrocycle M2. The fluorescence is restored when a suitable anionic guest is used to displace the squaraine dye from a pseudorotaxane complex; thus, the multicomponent system can be employed as a fluorescent anion sensor. 
